Nanopatterned FePt nano dots often exhibit low coercivity and a broad switching field distribution, which could arise due to edge damage during the patterning process causing a reduction in the L10 ordering required for a high magnetocrystalline anisotropy. Using an atomistic spin model, we study the magnetization reversal behavior of L10 FePt nanodots with soft magnetic edges. We show that reversal is initiated by nucleation for the whole range of edge widths studied. For narrow soft edges the individual nucleation events dominate reversal; for wider edges, multiple nucleation at the edge creates a circular domain wall at the interface which precedes complete reversal. Our simulations compare well with available analytical theories. The increased edge width further reduces and saturates the required nucleation field, together with the activation volume manipulating the corresponding thermally induced switching field distribution. By control of the properties of dot edges using proper patterning methods, it should be possible to realize exchange spring bit patterned media without additional soft layers.
I. INTRODUCTION
Continuing requirements for greater digital data storage capacity has lead to continued growth in data storage density in magnetic recording media. Future improvements are limited by the magnetic recording trilemma, caused by competing requirements of reduced signal to noise ratio, thermal stability of written information, and writability.
1 Two solutions for the magnetic recording trilemma have been proposed, first Heat Assisted Magnetic Recording (HAMR), 2, 3 where laser heating during recording is used to lower the anisotropy sufficiently to achieve writing. The second solution is bit-patterned media (BPM), where each bit is defined by a single dot in a lithographically defined array 4 and thus removes the origin of signal-to-noise in conventional granular media.
Bit patterned media can be made using a variety of methods including patterning [5] [6] [7] [8] [9] [10] [11] and self-assembly of magnetic nanoparticles. 12 Controlling the microstructural properties of magnetic nanoparticles is quite challenging; on the other hand, the lithographic pattern techniques can be a promising method to transform a continuous L1 0 FePt film into an array of isolated magnetic islands or 'dots'. [5] [6] [7] [8] [9] [10] [11] However, during the patterning process of a magnetically hard film, ion damage to patterned dots occurs, often resulting in soft magnetic properties at dot edges. 6, 7, [9] [10] [11] The presence of damaged edges in the dots could reduce both the coercivity 6, 10, 11 and the thermal stability. 9 In addition to decreasing the coercivity, a broad switching field distribution (SFD) can also lead to write errors in neighboring bits during the writing process. The SFD (the variation of switching fields between dots) includes both extrinsic and intrinsic components. [13] [14] [15] [16] [17] The extrinsic SFD may be caused by the dipolar interaction between dots, and the intrinsic SFD arises from variations of intrinsic magnetic properties of dots, including anisotropy K, volume V , and the easy axis alignment.
14 Furthermore, thermal fluctuations also broaden the intrinsic SFD, known as the thermal SFD. [15] [16] [17] Within the simple Stoner-Wohlfarth approximation (monodomain), the thermal SFD is mainly related to the anisotropy energy barrier, KV , and the measurement time scale. This makes the thermal SFD becoming pronounced at the high field sweep rates associated with the recording process. 16, 17 Reversal behavior in relatively large dots with magnetically soft edges of fixed width, associated with iondamage from the etching process, has been studied previously, 18 where the presence of soft edges was shown to change the reversal mode. In addition, small-sized dots with the ring-shaped soft edge of varied width have been investigated by macrospin analytic models without including the thermal fluctuations. 19 The increased width of edge is found to reduce the coercivity of dots, 19 suggesting a strong relationship between the edge width and the reversal modes. Further control of the magnetic properties of edges with fixed width in large sized dots can also be done via the patterning method of soft He + irradiation. 20 The experimental observation can only be explained by the model including the thermal fluctuations. 20 All the reported works indicate that either the edge width 19 or the thermal fluctuation 20 varies the reversal modes and could further result in different SFD of patterned dots. However, the edge-width dependent reversal modes with thermal fluctuations are still not understood.
Here we develop a computational model to study magnetization reversal modes in L1 0 FePt dots with magnetically soft edges. We employ an atomistic spin model formalism, which provides detailed information on reversal modes unreachable by standard micromagnetic simulations. 21, 22 In particular, soft edges of only a few nanometers are tractable, and we can further study the effect of the reduced exchange coupling at the interface, possibly resulted from the core/edge interface roughness. Moreover, thermal effects are consistently taken into account within our model by including the Langevin dynamics that allows us to study the relationship between the coercivity, the thermal SFD, and reversal modes.
II. ATOMISTIC SPIN MODEL
The studied nanodots are composed of a magnetically hard core and a magnetically soft edge, as illustrated in Fig. 1 . In the case of patterned dots, we hypothesize that the edge region loses its L1 0 atomic order due to the patterning process, making it magnetically soft. We focus exclusively on the width of the edge W edge , with the fixed core size, r core , on the magnetization reversal. We therefore fix the diameter of the core 2r core = 25 nm and the dot thickness, t d = 4 nm, while the edge width is varied systematically from W edge = 0 to 18 nm. The system is constructed from a single face-centred cubic crystal and cut into the shape of a nanodot with the desired geometry.
The nano dots are modeled using an atomistic spin model approach 23 with the vampire software package.
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The energetics of the system are described by the spin Hamiltonian with Heisenberg exchange, given by:
where S = µ/µ are spin unit vectors, i, j label core sites with moment µ core , and ν, δ label edge sites with moment µ edge . Here we assume the same moment for both core and edge such that µ core = µ edge = 1.5 µ B , which compares well to the saturation magnetization of L1 0 FePt as obtained in experiment. 25 J core and J edge are the exchange interactions between moments of the same type in the core and the edge, respectively. We consider only nearest neighbor interaction between moments. We select values of the exchange energy to give a Curie temperature around 700 K comparable with experiment, namely J core = J edge = 3 × 10 −21 J/link. J ce represents the interfacial exchange interaction between the core and the edge and is varied as a parameter between 0 and J core . k core = 4.9×10 −23 J/atom is the uniaxial anisotropy constant of the core spins (with easy axis perpendicular to the film plane) and k edge = 1 × 10 −24 J/atom is the uniaxial anisotropy of the edge spins. H app is the external applied field.
The hysteresis loops are calculated dynamically using stochastic Landau-Lifshitz-Gilbert (LLG) equation at the atomic level, given by
where λ is the intrinsic damping parameter, γ = 1.76 × 10 11 T −1 s −1 is the absolute value of the gyromagnetic ratio, and H i,eff is the effective magnetic field in each spin. The field is derived from the spin Hamiltonian and is given by
where H demag,i and H i,th are the demagnetization and the thermal fields, respectively. Since the calculation of the demagnetization field at the atomic level is computationally expensive, we have instead calculated the demagnetization field by applying the approach developed by Boerner et al. 26 Within this approach, the dot is divided into regular macrocells with the identical volume of (1.77) 3 nm 3 which contains 250 atomic spins. The value of spin's moments within each macrocell are then summed to obtain the macrocell magnetic moment, µ k = δ∈ k µ δ S δ , where k labels macrocell sites, δ labels spin sites in each macrocell, k . We then calculate the demagnetization field of each macrocell, H demag,k , by using the corresponding magnetic moment and treat it as the demagnetization field of each spin in the macrocell, H demag,i . H demag,k is calculated by direct pairwise summation
where µ 0 = 4π×10 −7 T·m/A is the vacuum permeability, r kl is the vector between k and l macrocell sites, and r kl = r kl /|r kl | is the corresponding unit vector. This is a computationally efficient approach since the number of macrocells is relatively small and moreover, since the magnetostatic field varies rather slowly with time it needs updating only on a timescale of around 1000 time steps.
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The thermal fluctuations are represented using Langevin dynamics, 27, 28 where the thermal field H i,th is given by
where k B is the Boltzmann constant, T is the heat bath temperature, λ is the Gilbert damping parameter, γ is the absolute value of the gyromagnetic ratio, and ∆t is the integration time step. The thermal fluctuations are represented by a vector Gaussian distribution in space Γ(t) with a mean of zero and generated from a pseudorandom number generator. The simulations in this work are carried out at a heat-bath temperature of T = 300 K. We set the damping parameter λ = 1.0 to reduce the computational time required for reaching an equilibrium state. The LLG equation is integrated using the Heun integration scheme 28 with an integration time step ∆t = 1 fs.
III. RESULTS
In order to study reversal modes we simulate hysteresis loops as a function of the width of edges, W edge . To calculate the hysteresis loops we apply an external field in a range from −5 to 5 T, which lies above the anisotropy field in the core, at intervals of 5 mT. The field sweep rate is 5 × 10 9 T/s. Initially we consider that the interfacial core and edge spins are strongly coupled by setting J ce = J core = J edge = 3.0 × 10 −21 J/link. Figure 2 (a) shows representative out-of-plane hysteresis loops for a range of edge widths. One can observe that by increasing edge width, both the nucleation and coercivity fields decrease. Furthermore, the square-like hysteresis loop for narrow edges turns into a two-step reversal as the edge width increases, indicating a change in the reversal process. Insets of Fig. 2 (a) illustrate the corresponding snapshots of spin configurations during reversal for various W edge . The reversal mode strongly depends on the edge width, which will be discussed in more detail in the following sections. To obtain more precise information on the observed reversal behavior, we also calculate hysteresis loops for each edge width for 30 different realizations of the random number generator. Therefore, we average over 60 statistically independent values to obtain the mean coercivity and standard deviation. Since we are considering dots with the same magnetic properties in our simulations, the deviation from the mean results completely from the thermal fluctuations. Thus the standard deviation is a manifestation of the intrinsic SFD resulting from thermal fluctuations.
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This is an important parameter since it increases with increasing field sweep rate and is significant at timescales associated with data transfer in information storage. Additionally, we separately calculate the coercivity fields of both the core, H core c , and the edge, H edge c , shown inset of Fig. 2(b) . To do so, we calculate the individual reduced magnetization of the core and edge as follows,
where N core(edge) denotes the number of atoms in the core (edge). as a function of W edge , and the corresponding standard deviation, σ core(edge) , is shown in Fig. 2(c) . The coercivities and the standard deviation are strongly dependent on the edge width, which will be discussed in the following sections. Furthermore, to understand the reversal modes, we will compare coercive fields gained from atomistic spin model simulations with those obtained from different theoretical approaches, 20, [29] [30] [31] [32] [33] [34] [35] [36] [37] given by the dashed lines in Fig. 2 (b). The additional models, to be discussed later, are all based on a conventional micromagnetic approach. In such models the temperature dependence of magnetic properties is not intrinsic to the formalism, as it is in the atomistic approach, and must be introduced explicitly. Consequently, in the micromagnetic-base models we will introduce the effect of temperature (T = 300 K) into account by normalizing micromagnetic parameters in the theoretical calculations. For the anisotropy constants, K core(edge) , we use the Callen-Callen law (9) where m e = M s (T = 300 K)/M s (T = 0 K) = 0.82 is obtained directly from our computational atomistic spin calculations. M s is the saturation magnetization of the core (edge). We note that both surface and interface effects can slightly vary the Callen-Callen law for K edge (T ). 39 The exchange stiffness of the core (edge), A core(edge) (T ), has been shown to scale with m e as 40, 41 A core(edge) (T = 300 K) ≈ A core(edge) (T = 0 K)m The magnetization reversal in the absence of soft edges, see the spin configuration snapshot for W edge = 0 nm in Fig. 2(a) , starts by the nucleation of a small region (red area in the snapshot) in the boundary and proceeds with the subsequent expansion to the entire dot. Still in the presence of narrow soft edges W edge = 1 or 2 nm, the individual nucleation dominates the initial reversal. However by increasing the edge width the required field for nucleation is reduced. In this regime of narrow soft edge, we provide further insight into the nucleation field using a linear spin chain model, simplifying the whole dot into a one-dimensional region started from the center of the core to the edge. Each spin in the chain model represents the average spin within a given atomic plane, and we can write down the following spin Hamiltonian
where i , j label different spins with the identical moment µ. J is the intra-layer exchange coupling, S is the unit vector representing the spin direction, k is the anisotropy constant, and H app is the external applied field. We set µ = µ core = µ edge = 1.5 µ B , k = k core = 4.9 × 10 −23 J/link for spins in the core and k = k edge = 1×10 −24 J/link for those in the edge. We allow reduced exchange coupling at the core/edge interface by writing the exchange energy between interface spins as
where J int is the interface exchange coupling, and ν labels spins in separate regions (core or edge) from those labeled by i . The equilibrium state of the spin system is determined by solving the Landau-Lifshitz equation, with no precession term
where λ is the intrinsic damping parameter, γ is the absolute value of the gyromagnetic ratio, and H i ,eff is the effective magnetic field in each atomic plane, given by
In the inset of Fig. 3 , we show the calculated layerresolved magnetization within the spin chain model with various W edge , after positively saturating all spins and then applying a corresponding negative field prior to magnetization reversal in the core. We number the atomic plane from the center of the core to the edge, and the vertical dashed line in the inset of Fig. 3 denotes the core/edge interface. Increasing W edge gives rise to increasing penetration of the domain wall into the core. From the energy contributed to the reversal, we estimate a normalized effective value of the anisotropy constant, K norm eff , by integrating the anisotropy energy over the domain-wall width from the edge to the core in the nucleated region (see the blue region in the inset of Fig. 3 for W edge = 2 nm) and then normalizing to K core . This quantifies the reduction in the energy barrier due to the exchange spring. Figure 3 illustrates the variation of K norm eff with W edge . We observe a linear decrease in K norm eff with the increase in W edge , and we further describe the linear decrease as [gray dashed line in Fig. 3 ]
where b = 0.324 (nm −1 ) obtained from fitting. Since a single nucleated area dominates the reversal in the region of narrow soft edges, we then estimate the coercive field as an effective anisotropy field of the nucleated area, H eff K , indicated by the gray dashed line in Fig. 2(b) ,
In Fig. 2(b) we can see that for W edge ≤ 2 nm, both the coercivity of the core and the edge are equal and linearly decrease as a function of the edge width. It can be seen that Eq. 16 gives reasonable qualitative agreement with the numerical results.
In addition to the coercivity, the increased W edge decreases the curvature of the initially reversed area from positive to zero [insets of Fig. 2(a) ]. For the nucleated region with a positive curvature (W edge = 0 nm), we apply the droplet theory jointly with our simulations. In inset of Fig. 4(a) , we illustrate the schematic diagram of the droplet theory, where the reversed region is described by the interaction of the droplet (the red solid circle) and the dot (the blue dashed circle). 20, [29] [30] [31] Within this theory, once a droplet nucleates, it tends to grow by reducing the Zeeman energy, while the increased domain-wall energy tries to shrink the droplet. Only for the volume of the reversed region larger than the critical size,V crit , the Zeeman energy can compensate the domain wall energy, and the droplet grows. At W edge = 0 nm, we observe that only one area nucleates and propagates during reversal, belonging to the so-called single droplet region.
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Since the dot thickness t d is thinner than the domain-wall width in the core, we apply the single-droplet theory in a two-dimensional system, containing two independent parameters θ (the half angle of the invaded dot) and θ d (the half angle of the invading droplet), as illustrated in inset of Fig. 4(a) . The geometric constraint defines the phase space of the angles in this theory,
The energy difference, ∆E, before and after nucleation is
where σ = 4 AK norm eff K core is the domain-wall energy density, A(θ d ) is the domain-wall area, |H drop | is the external applied field where the critical reversed region nucleates, and V (θ, θ d ) is the volume of the reversed region. Since the nucleation of the single reversed region dominates the reversal, we assume Figure 4 (a) illustrates ∆E/k B T in coordinates of (θ, θ d ) at W edge = 0 nm. Note that during reversal the initial states correspond to θ = 0, and the final state is θ = π. To further find the non-trivial extremal solutions of Eq. (18), we set ∂∆E/∂θ = ∂∆E/∂θ d = 0, leading to [indicated by the black arrow in Fig. 4(a) ]
From the contour plot [ Fig. 4(a) Fig. 2(a) ], which qualitatively matches the nucleated region observed in the snapshots [red regions in insets of Fig. 2(a) ].
At edge-widths of 1 and 2 nm, we observe the reversed area with a zero curvature [insets of Fig. 2(a) ]. One cannot apply the conventional droplet theory, in which the curvature of the reverse region described by a single droplet should be positive. For this we develop the antidroplet theory. In the inset of Fig. 4(b) , we show the schematic diagram of the antidroplet theory. Oppositely to the droplet theory, here the droplet describes the nonreversed region [blue solid circle in the inset of Fig. 4(b) ] in the dot. Considering a theoretical structure similar with that of the droplet theory, once the size of the reversed region is larger than the critical size, the reversed region starts pushing away the droplet from the dot region. With two independent parameters θ (the half angle of the invaded dot) and θ a (the half angle of the invading droplet), the phase space of the angles in the antidroplet theory is
∆E before and after the nucleation in the antidroplet can be expressed as (21) where |H anti | is the external applied field at which the critical reversed region nucleates. Figure 4(b) shows the representative contour plot of ∆E(θ, θ a )/k B T with (16)] at W edge = 1 nm. Following similar calculations, we can further obtain the extremal points of Eq. (21) [indicated by the black arrow in Fig. 4(b) ],
Comparing with ∆E(θ, θ a ) shown in Fig. 4(b) , in the antidroplet theory the extremal point is a saddle point as well. Therefore, from Eq. (22) we can further calculate V crit (θ, θ a ), qualitatively matching the observation in the spin snapshots [see red regions and solid black lines in insets of Fig. 2(a) ].
B. Wide soft edge: an incomplete to a complete circular domain wall
With further increase in the edge width we observe the reversed region with a negative curvature, shown by the insets of Fig. 2(a) for W edge = 3 nm with nucleated areas denoted by red regions. The negative curvature, which cannot simply be described by either the droplet or the antidroplet theories, could suggest that more than one reversed regions nucleate during reversal. The deviation between H core(edge) and H Fig. 2(b) ]. From the spin configuration snapshots in insets of Fig. 2(a) we observe this behavior corresponds to an incomplete circular domain wall formed at the core/edge interface. In this region we cannot approach H core(edge) using Eq. (16) because this is only valid for the reversal dominated by a single reversed region (single-droplet or antidroplet reversal). Instead, we find that H edge c approaches the domain wall nucleation field H n , obtained from the analytical expression derived for the limit of strong hard/soft coupling with a soft layer thicker than the domain-wall width (≈ 5 nm in this study) in the hard layer [32] [33] [34] 
where H edge K = 2K edge /M edge is the anisotropy field of the edge, and M edge is the saturation magnetization of the edge. l edge EX = A edge /K edge is the exchange length in the edge. For applied fields larger than H n but less than the domain-wall pinning field at the edge/core interface, H p , the increased field compresses the domain wall in the edge and therefore reduces the corresponding domainwall length, l edge DW . At even wider edge widths, for example see insets in Fig. 2(a) at W edge = 7 nm, the nucleation occurs in the entire edge, but the domain wall is then pinned at the core/edge interface, showing a circular domain wall. As the reversal continues, the domain wall propagates inwards until collapse and full magnetization reversal. In addition, the propagated domain wall shows a non-circular symmetry [insets in Fig. 2(a) at W edge = 7 nm], in contrast to the circular symmetry of the domain wall pinned at the core/edge interface. The suggests the depinning of part of the circular domain wall during the reversal of spins in the core. However, in contrast to the analytical model of the single-droplet reversal proposed in Ref. 20 , the reversed region in the core shows a negative curvature [insets in Fig. 2(a) 
H p is given by [35] [36] [37] 
Figure 2(b) shows that our simulation results fit perfectly to the H p (black dashed line). Thus it confirms that for soft edges wider than l edge DW at H p , the reversal mechanism is through depinning of part of a circular the domain wall at the edge/core interface driven by the multiple nucleation events in the core with H core c = H p .
C. Thermally induced switching field distribution
In Fig. 2(c) , we illustrate the standard deviation of coercive fields, σ core(edge) as a function of the edge width. Similarly to the coercive fields, our simulations show that for W edge ≤ 2 nm, σ core σ edge , and they show a linear decrease with the increase in W edge [ Fig. 2(c) ]. These deviations could result from the thermally fluctuation field, which is introduced using Langevin dynamics [Eq. (7)] in this work. 27, 28 In order to estimate the thermal fluctuations in the coercive field it is necessary to associate µ in Eq. (7) with a volume characteristics of magnetization reversal. For this we use the activation volume, V act , which is an equilibrium quantity and defined as the volume associated with the magnetization change between positions of minimum and maximum static energy.
42 Furthermore, we average the thermal fluctuation field over a specific time equal to the inverse of an 'attempt frequency' used in phenomenological models of thermal activation processes. The attempt frequency is generally taken as the natural frequency of oscillation in the local minimum, i.e., f 0 = γH K with H K the anisotropy field. This leads to a variance in the field components, which we take as the standard deviation of coercivity, σ core(edge) , given by
For W edge ≤ 2 nm, the single nucleated region dominates the reversal and can be further described by either the droplet and the antidroplet theories. However, the observed nucleation is a nonequilibrim quantity. 30 For V act one should estimate the volume of the equilibrium domain change during reversal. Considering the dot size is smaller than the domain size (∼ 26 nm in this study), we can treat the dot as a single domain particle and therefore approach V act to the total volume of the dot,
, we arrive at [gray dashed line in Fig. 2(c) ]
where σ K is σ core(edge) in this region. It can be seen that Eq. (27) gives results qualitatively matching the numerical results [ Fig. 2(c) ].
For W edge ≥ 3 nm, the common behavior of spins in the core starts to deviate from that in the edge, as we show in Fig. 2(b) . Similarly we find that σ core deviates from σ edge [ Fig. 2(c) ]. In this region, the different reversal mode of core spins with that of edge spins suggests that V act in the edge approaches to the edge volume, V act ∼ π r core + W edge 2 − r core 2 t d . Using Eq. (26) with Fig. 2(c) ] Fig. 2(c) ] where σ p is σ core in this region. Eqs. (28) and (29) gives values of σ core(edge) roughly a factor of 2 different from the numerical results [ Fig. 2(c) ]. Given the assumptions involved the difference is reasonable agreement.
D. Effect of interfacial exchange coupling on the reversal modes
Finally we investigate the effect of core/edge exchange coupling strength, J ce , on the reversal modes in the nanodot. To do so we vary the normalized interfacial exchange coupling strengthJ ce = J ce /J core(edge) from 0 (no coupling) to 1 which corresponds to the strong coupling studied in detail in the previous section. Here, we also perform hysteresis-loop calculations for varied edgewidth W edge . , as a function ofJ ce for W edge = 1, 3 and 7 nm to cover the three well-separated regimes of reversal modes observed in our system. We observe that for W edge = 1 nm the core coercive field, H core c , presents a minimum at a relatively weak coupling strength, similar with results been observed in hard/soft structures, where the observed minimum is related to the two-spin behavior. 43 Considering that the local minimum of H core c happens when J edge J ce (J ce ≤ 1/20) in narrowed edges (W edge ≤ 2 nm), all spins in the edge might behave as a single macrospin. During the reversal, the single-spin behavior in the edge could provide a torque to spins in the core and yields the local minimum of H core c , which has been previously observed in the two-spin model 43 as well as in the experiment.
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As the coupling increases, the coercive field saturates to some value which has been already discussed in previous section of the present work. For edge width larger than or equal to 3 nm size, the minimum of the core coercive field disappears and a monotonous decrease in H core c to a saturation value is observed. For W edge ≥ 7 nm [equal to l edge DW given by Eq. (24)], this saturation value corresponds to the domain-wall depining field. Therefore, the interface coupling dependence of the core coercive field for W edge ≥ 7 nm are similar.
On the other hand, the edge coercive field, H edge c
, consistently increases with increasing interfacial exchange coupling to a saturation value [see Fig. 5(b) ] following a Langevin law representing the effective bias field created in the edge by the coupling to the core, in direct analogy to a paramagnet magnetization in presence of an external field and thermal fluctuations. 45 This effective bias field is comparable to the external field applied in the calculation of hysteresis loops and can be estimated by
where H ex estimates the average effective bias field in the edge induced by the interfacial coupling, and µ edge = M edge V edge is the saturation magnetization of the edge. The Langevin function is L(x) = coth(x) − 1/x. H edge c,1 is a fitting constant and coincides with H edge c atJ ce = 1.0 (calculated in the previous sections). We can assume that µ edge H ex = V edge dJ ce where d is a parameter that measures the energy transferred from the core to the edge via the interfacial coupling. This parameter is expected to depend on the volume of the edge, V edge ∼ W 2 edge t d , so that as the thickness is fixed for all W edge , we expect that d ∼ 1/W 2 edge similar to that in a soft/hard bilayer structure, H ex ∝ 1/t 2 soft . 32 In Fig. 5(b) we show that indeed this relation fits very well to simulations.
IV. DISCUSSION AND CONCLUSIONS
To summarize, using atomistic spin model simulations, we have investigated reversal modes in patterned L1 0 FePt dots with damaged edges in the presence of thermal fluctuations. Specifically, the calculated dot is composed of a hard magnetic core, which represents the undamaged part of the dot, and the damaged edge with soft magnetic properties. We have investigated the effects of the extent of damage on the edge by varying its width. We observe that the nucleation initiates reversals for all width of edges. The increased edge width linearly decreases and then saturates the required field for nucleation, with the curvature of the initially nucleated region reducing from positive to negative. For the reversed region with a positive curvature we apply the droplet theory to describe the region, while for reversed regions with a zero curvature we develop the antidroplet theory. Furthermore, the increased edge width reduces the thermally induced switching field distribution, which is found related to both the nucleation field and the activation volume. We have further studied reversal modes in dots with varied core/edge interfacial coupling strength, which could possibly result from the core/edge interfacial roughness. For dots with narrow edges, the reversal behaves similar with that obtained in the two-spin model, suggesting that we can approach all spins in the edge as a single macrospin. In addition, we describe the coercivity of the edge using the Langevin function, representing the competition between the effective field generated from the core/edge coupling strength and the thermal fluctuation.
Comparing to previous studies focused on the reversal modes along the layer-growth direction in the typical exchange spring media, here we present detailed two-dimensional reversal behaviors on the patterned dotplane as well as the corresponding thermally induced switching field distribution, both of which in fact dominate properties of typical patterned dots and cannot be investigated by standard micromagnetic calculations. We also note that different magnetic properties of the edge, which have been assumed constant values in this study and have not been experimentally probed, only vary the characteristic length of different reversal modes and the corresponding coercivity fields without affecting the validity of theories. According to our study here, the presence of damaged edge with uniform magnetic properties reduces the thermally induced switching field distribution, and the width of damaged edge significantly changes the coercivity in patterned dots. Therefore, the experimentally observed broadened switching field distribution in patterned L1 0 FePt dots with damaged edges 11 should be attributed to extrinsic properties of the nanodots created by patterning processes, for example, the variation in either the width or the magnetic property of damaged edges. As long as we can precisely control properties of damaged edges by applying a proper patterning technique, for example, ion implantation, 20 we could realize exchange spring bit-patterned media without additional soft layers.
